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Ctertitery DM&on Argons HsHuM Laboctw, Mr***. HW* 

S ev 8rt l natively charged dyes were irrigated •« Mr - Jjgjj^ S^Uto^ 
,old«SlpBtiel» Thosa dye« that were found to adwb cm ™ g^.T^^Lririg (SERS) was ohpctved 
SSSSSn^Bcattermg. H^^^^^^^Twe^Stion stodies confix 
CTa^bocyanine dye in both sola. Exdtebor^depend^w adB eVption and is probably 

Ssl^natae Of thTrWnn obtamei The d£» ^ggj ^ al£ observed ** copper 

attached through the naphthalene side moiet* to the surface. i^ss« 

phthalocyeinine, 

micromolar concentrations. 



^orP^Tof dyes tovsxioua surfacwhaa^ ^ 
fofmairy years. Tbia phenomenon » sometnnes naeato 
J^Snta areas o* arte areaa in powder*.* 8 Several 
d !E£ a^^oSred in the vise of tbia method, m~ 
^STagSegS^ the dye either in the action orm 
ffSXS^Bttto. Nevertheless, dyeS Boch aa 1,1'jU- 
ilS-Smine or methylene blae ^* 

aqueoua Bolubons. ^~^^+v 't metallic sola may 
fl uch aystema is the observation that metallic sois 
l„^,v4, fi t-.o in water-splitting reactiona.^' 
^^^a^fXfaoe^eimanced Raman scattering 

still controversial, 12 some patterns seem to einfiisp 

orgy (Contract N* y^SSiwJrS A. S. TriveH » "Surface Area 

Eds. Butterworths, London, IS70, P an. 

(S 1 ) J. F. Pftdday, iJaref 2, P«J- No. 58, 219 (1874). 

(5) X Kiwi ondM. GntaA ^ ** 'SScSStlSS^vS OH* 

<U) to B. Wet^l ^ G^^T^ a. J McQniH^ and C. G. 

A. Otto, Surf. Set. (^>> j. j. Gesten, R.I. Bate 

Ccoray, and A. J.McQuD^,^ ^"^rfm (1981). 
S. Wang «nd M- Karter, ***»• iteD -» * 



were used ^as re^aved. Water ^^^ds o£ Ag sola . 

Preparation a? Sofa. ^^SSSS^M 
■were prepared scoring fouowing 

^ I ^^tLe wKenbubbled with Ba 

,aL of hot water. ^^™tq>T The final volume was 
atnearboilingteinperaturafor3b, rnenmu 

adj» iited to 500 mL. Clo0 mL) was added 

f 3 ) A sohition of 5 X 10^ MA^YJ atirrSice-CO^ 2 X 

during the reduction. The ra"*™2? ^ ^ volume 
Ik to decompose any excesa of NaBH«. Theimai 

vraa adjusted to 500 ml* v^mLcf HoO and 

fc) 4N0 3 (90 was ^solv^ m 50^« ^ (l0 

brought to boifiug. A^^^itOTbofliiefbrca. 
m^>wflfl added. The aolutoon wns kept on ooumg 

1 The Ag aols Prepared b. P^^O^ S 
SSSSSSSSSSSt sol preparations were 

w.<a added during the reduction. ^^wmg o^ d ^ po6 g. 

for csa. 1 r — - 

173 osao>- 
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Although Au ads prepared by procedure a were purple 
In col« and those prepared by procedure b were wmered 
ir. rAlnr t"hav both, bad absorption mp-mnn at approa- 
Sa^KxJ S^ otherwise stated, eventration 
of Au or Ag axe given in gram^atomB per bier. 

Imtrw^atioi The absorption spectra we recorded 
on a Gary 14 spectxophotomer. • 

The Hainan spectra were recorded on a &I»x 14U* 
BpSoiX interred withaSpe* ; DFC-2 
S and a Scamp system conteoUerwith ^data acqui- 
^monito processor. Coherent Ra&aton Ar+ (at 5146 
nm) and Kr + (at 647- 1 xus) lasers were used as excitation 

fl °The sample cells for Raman spectra were quails cylin- 
ders 1 cm tinck and 4cm md^aira^ The scattered Bght 
was collected at 90° to the elation beam. SpecraL 
resolution of ±5 cm' 1 is estnnated for the Raniaxi signals. 

The acquisition of one Raman spectra generally took 
approximately 30 min. The fact that before Rafter 
taking the Raman spectrum little change was found in the 
absorption spectra of the dyes m water indicated that the 
dyes did not decompose during this period. 

Results and Discussion 

The following dyes were checked for theix adsorption 
on silver and gold colloids: 4>ben^mdotdcarbc^amne 
CBICC), Bulforhodazaine B (SKB), copper phthalo- 
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Ffeur* 1. Absorption spectra o! BICC bfvwator. Dye ^wn^te 
10^M. S (b) 2.5 X 10-° M t 2-om cett; (c) 2 X 1Qr» 

M 0.2-an cell* 

cvam^etetraBuifonate (CuTSPc), and methyl orange (MO). 
Several positively charged dyes that were checked either 
did not absorb or caused coagulation of these sols and were 
thraef ore avoided This, however, does not mean that the 
adsorbed dyes interact with the surface i by ionic interac- 
tions. Cm the contrary, several results (e.g ^effect of 
alcohols, hydrophobic^ of the dye, etc.) indicate hydro- 
phffic interactions as the main driving force for adsorption 

Aggregations and Adsorption of the C^tocynine Dye. 
^absorption spectra of the cyanine dye BICC various 
ooncentraSons is given in Figure 1. A major consideration 
in the choice of this dye for the present study was ite 
. absorplion spectra^ 

separated from the sol's spectra and removed away spec- 
from om- lasers for the Raman exertion. Only small 
chafes in the dye spectra could be o^ed when rte 
concentration is increased &om 4 X lCT* to 2 X M, 
indicating only monomelic dye molecules in ^concen- 
tration range. When the dye concentratibn is, however, 
increased to 2 X KT 5 M, formation of the dttnera orhyp- 
sochromic aggregates can be observed, as is apparent from 
th-, increased absorption at 700 nm relative to the monc- 
nei absorption at 778 nm, 1 * The monomer absorpt^n 
peak in water is blue shifted from its position m MesSO"^ 

= 795 an), and its absorption coefficient, 677a 53 
:<W IVfVcm, is somewhat smaller. As can be seen in 
Figure 1, hardly any absorption of the dye could be de- 
tected in the spectral region where the sols absorb, in tne 
neat aqueous solutions no formation of the balkocbrumic 
J aggregates could be observed (?w « fiQB nm) at tne 
ranre of concentration of up to 4 x 10" 6 M. However, it 
was observed that the amount of the hypsochronuc ag- 
gregation increases upon aging over a period of *?yj™ 
daj-s, AH experiments were therefore performed on treaWy 
prf pared solutions. Spectra of the cyanine dye m the 
• presence of silver S ol is shown in Figure 2. The Ag sol 
its df absorbs light at \^ = 400 ran (Figure 2a), mdicatog 
a particle radius of -100 A and ~2 x 10* silver atoms per 
pa rtide* out of which -8% are surface atoms (assuming 
su herical particles and 1.3&A atomic radius for Ag). AO 
di ion of 2 X 10" 6 M of BICC to the sol results only m Borne 
bi oadening of the sol's spectrum with hardly any absorp- 
tion by dye free in the solution (Figure 2b). We could 
eithnate that less than 10% of the dye is free in the buiK 
oi the solution under the experimental conditions of Figure 
2b. The dye could easily be recovered from the particle s 
si irface either by addition of alcohols such as 2-prox^nol 
a 2^methyl-2-prtjpanol (Figure 2c) or by coagulation of tne 
ei .1 with high concentrations of electrolytes (it was, how- 

J. Phy*. Ctoru, 69, W34 Oe&fi); (b) 
Pltmrdo, Eastman Org, Cherru Bull., 



(14) (tO W.Wtot andS.P _ 

J. p. Webb. RG- Webster, and B. 
4f»,3(lS74). 
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lor a and b is 0.1 cm; for ca and d, 1 < 



1 cm- 





1.4 x lor* w ^A^^^^s^^ft* nflxtoflj <e) seme 

«mr n <*ad that lush concentrations (><U M) of eleotro- 
ever, notea ^^^i^Trf Aa dve even in the absence of 
lytaa induce affitegabnn « - WLSSbr observed in the 
*>,(, As aoD. None of these effects eouia oe ow ™ vcu ' . 
tne *g aw- £™» h Ag W as not preset m 

presence of 0.1% A ^« J" 1 ™ Mof thedyois 
the solution. Since more ^^Qe ^dtr the expeti- 
adsorbed on the silver P^^J r ^'l^M oftiSei 

coiifde that either the dye 2^£tTm 
pendicukr to 

multilayera parallel to ^^w!wWe oefexee of 
seems more reasonable, but, either TOT, """^J 
aggregation of the dye on f^^^^mied 
Results aimllEr to those tocrfbrf s^ewreoL^ tion 

when BICC was added to the S^^ure 
spectrum of the Au sol itself, P^*iKffl i tt 
STindic^tSB the ^^Std^P^-^ 
The number of Au atoms per ]»hii^™»' ^ sJmila-- 
of Au surface atoms are ^rf;"^^^^ 
for the gold sols and *»S5£?S^UE3L silver 
adsorbed ^ MBICC could be ad- 



Hguro 4. Rameo.^tmof BICCdye In pooler 
I? 8 M In HjO (bV >w - 5145 nm. 

« «->a*io-«M. the behavior m the gold sote 
concentrations * 4 * \ j^^JwTRola. As can be seen 

Se^ea decrease .in the ^£ a ffi . 
and its aggregate band at ~' J"™^-^, monomer 
sample ^^^^^0 a^f) - ^^oTof a similar 
hand completely • ^Sh^propimolhadno 

sample with water ™stead of 2 ^,° y ca ^ that the 
<S on the shape- of the ^f^fiotion ef- 

W ? ^a^of^S-tSver so^The 
sdutionm^e ataOTce orgom ^ 895-nm abaorp- 

sharpness rfth« band m^ca^t^ formatio n of 
tion may be assigned to J agBJ^at^ ^^a. The 
which is clearly accelerated by the that this 

effect of ^ethjl^P^P^^^^SeTarticle 
. absorption arises ^S^^o^ly observed on 
surface. Such J ^^^p^Uitytbat these are 
elver bromide !"ff^;^ ^X^tion of which win 
aggregalwfreemthe solutionis JW™™^^ probably 

^^Sn^eSptSp^STbe^ed 
in an adsorpi^n^^^Qn p of 2 -methyl-3- 

at this stage. In the ^^c^e, aaam rattier than 
plo pand simply dissoc.a^^eggr^e^ Since 

^^le^o^&^^old-^e 

SSSUtS flSiSt should be considered at tins 

Poift- of ^ Aborted Carbocyo/uae. The 

Baman Scatter** or] ca3es> the Raman 
Reman spectra of ^ e t ^^^fornr w^ recorded for 

cording the JHtS °, f r ^S^^ ve wtih8than Wg«£:. 
sorption Hea at n^chhxgber wave^^ (g x lOf^t- 

^r^oSml^a^ar^pred^L 



PAGE 10/12 * RCVD AT 1/17/2006 4:08:37 PM [Eastern Standard Time] * SVR:USPTO-EFXRF-6/28 * DNIS:2738300 » CSID: « DURATION Onm-ss):04-36 



JAN-1 7-2006 04:13PM FROM- 



T-491 P. 011 



3394 Th* Jvumal of Physical Ch*rrt*y, VoL 6€, No. 17. 1982 



F-290 
Lpe and Metu] 




2000 



Figure*. SERSolfotowIng: ^) 4 ^ ^ v^M^I^T^ 
Agsol. excited at 514.5 nm; (b) a* h a but 4 X 10^ M BICC; (c) 
4 X 10-* M 8ICC on 1.1 X 10" 5 M Au sol, excited at 847-1 nm, 

in Figure 4. Although the quality of the data ifl rather 
low, many common lines could be identified in both 
spectra. _ , _ _ 

When the cyanine dye was added to 8 x 1<T* M of 
Ag/PVA sol at 4 X 1CT 6 M dye concentration, a sharp 
spectrum" was easily obtained when excited with the 
514.5-nm light. As mentioned above, under these condi- 
tions with the PVA-stabilized sol no light adsorption by 
the free dye could be observed although the dye could fee 
recovered from the auxtace by addition of ^rcethyl-2- 
propanol. The spectrum obtained under these conditions 
is shown in Figure Ba. The same spectrum is obtained 
when the Ag/PVA is prepared by using Ha, NaBH* or 
citrate (without PVA in the latter case) in the sol prepa- 
ration procedure. Close, comparison with the Raman 
spectrum of the dye (Figure 4) reveals common features 
in these spectra although, as far as could be distinguished 
from the low-quality powder spectrum, they are not 
identical Even at every low concentrations of the dye 
could we observe the same spectrum. Such a spectrum, 
taker* at 4 X 10~ 7 M of BICC on 0.8 mM Ag/PVA sol is 
shown in Figure 6b. Although the aigiiatto-noise ratio is 
lower in the later spectrum, essentially aE of the lines are 
observed here as well. , . 

Attempts to observe any SERS from this dye on any of 
the Ag sols when excited at. 647.1 nm failed at either high 
or low concentrations of the dye; Note that although the 
dye, when free in solution, strongly absorb* light in this 
excitation region, no light is abBOibed by the dye when 
adsorbed on the Ag particles (see Figure 2b). We estimate 
that the signal-to-noise ratio, of the SERS under these 
conditions is at least 1 order of magnitude smaller than 
when excited with the 514-6-nm light. The opposite situ 



*iion is encountered when BICC is adsorbed on the Au/ 
PVA sols. While the dye spectrum is easily obtained when 
iJ^with the Kr+ laser, excitation with Ax + laser yields 
SXrSr of magnitude reduction m ^emte^ty 
of the dye lines. The spectrum, however is identical with 
SatohSned on Ag sols (Figure 5 c) except for the line at 
337 cm' 1 , which we fail to observe on the latter boIb, and 
the line at 587 cm' 1 , which we observe only m the Ag 
adsorbed d^Bpectrum. These differences may arise either 
^c^erent coupling of the different vu^rationalmodes 
to the surface exdtons upon excitation with the two dif- 
ferent excitation sources or, less likely, from different 
geometric* of adsorption on the two sols. 

The results described above lead us to conclude that the 
observed Raman spectra are due to species adsorbed on 
the surface. Most of the light absorption in the systems 
where Raman scattering could be observed is by thesola, 
and hardly any dye, either monomeric or agg^atedwas 
&ee in the solution bulk. In the absence of the sols no rffiS 
could be obtained from the dye at such low lewis of con- 
centrations. Furthermore, the exdtation characteristics 
are similar to those observed for pyridme ad^bed on gold 
and silver sob^ n Lb., the excitation pr o^wfll foDow^e 
^sorption spectrum of the colloid as predated by the Mie 
Sy rather than that of the dye. All of these lend cre- 
dence to the suggestion that the Raman scattering ob- 
served is a surface-enhanced phenomenon. 

Discussion of the observed Raman bands and their 
asssiETiment will necessarily be deffered to a later stage. 
"More data have to be collected and, in 
similar simpler cyanine dyes axe missing. Ne^rtheleflB, 
some assignments can be tentatively suggested. The 
complexity of the problem is amplified by the einstence 
of the methyl and naphthalene side mcueties m the mol- 
ecule. In fact, most of the lines which were observed for 
the carbocyanme dye c^dteco^ 
bands 17 (except tlie 1524- and 901-cm- 1 hues of the dye) 
shifted from those of the dye by less than 20 cm If theso 
lines are indeed due to the naphthalene modes, thiswould 
indicate strong coupling of the naphthalene modes to 
aurfaca excitations and therefore adsorption of the dye 
molecule through the naphthalene moiety to tl^ surfoce. 
Other assignments, however, are obviously possible. Tnus, 
the linoa in the 1130-1200-cnT 1 region in a series of poly- 
enes were assigned to admixed bands of C—C stretc^ng 
and G — C — H hvplane bending both coupled U==^ 
stretching. 1 * The bands at -1500 crrT 1 were then ascribed 
to C-C stretehing modes. All of these bands could be 
correlated with many of the lines observed in the SKK» 
of the carbocyanine dye. If such a correlation holds, then 
the 1524-cuT 1 (or perhaps the lDlo-cmr 1 ) line would stul 
be above the limit of no bond alternation in the poly- 
methine chain. 18 Although many of the lines in the dye s 
spectra could be correlated according to this assignment, 
correlation with the naphthalene vforational spectra seems 
more complete* , „ A 

Adsorption and SERS of Other Dyes. In Figure 6 we 
present the absorption spectra of CuTSPc under a variety 
of e^ariraental conditions. Up to 2 x KT 6 M dye con- 
centration, the primary species is the monomeric form with 
its absorption band centered at 665 nm (Figure 6a). At 
higher concentrations aggregation occurs with a hypso- 
chxomic shift to -630 nm (Figure 6 b and d). Complete 

(17) (a) D. B. SccUy end IX H. WHffen, Spettro^im.Acto^l*, 1400 
(1960h (b) D. £. Fweman and L G. H£s&, ibid,, 16.1399 (i960). 
. OS) £ Rhnfti, M R Heyde, and D. G31, J* Am. Cftsm. Soc, 95, 4493 

^19) L V, M^ksandrov, V, S. Bobovich, V. G. Maalov. and A N. Sip 
dxr&r, OpU Spectnsc^ Z7. 265 (1974). 
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[Aul/[dyel ratio ^^^S^ga» 60 we present 
gregabon on *° ^^^^-w^M^e in the presence 
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minor changes m£e B"*^**?*?! ^citation with 
CuTSPC as weH Thelmesob*^^ <^^" ll86 
the faring: 
958, 752, 663, and 603 cm \ , a weak 

CuTSPC was added to 1 ^ < *£^ A 8 Jffifa ft 
Raman Bpectrum. was obtained when ^ 
esdied at 647.1 mn. We were able to nto^ ™ ™ 

other metal P^^^^'JL^tothTeaited state 
dffierent vibrational modes are *^r~J^ 

Attempts to observe SEKb ^ either 

SKB) yield ffiS*^ * 

of onr two excitation sources, .1 a« ^dk a te that both 
MO andSKB * we ta?K Tte sob. 
a^fflS^MS^!" SEES from these 
culties, we offer no explanation ior 

^» m t nf Raman scattering, am 



3* onto the ^^J^^X^rtogrin the 
strong surface e ^™^ gS<Sbe easily ob- 
caae of carbocyanme *«5^***^rSL J™ and thi» rrvsfe 

in its sensitivity conventional BP«^ to asaign 

Veiyh^em»rtwa9spertmt^prw^^ d 

the ote^ed lines to V^^^SSTnSi evident. 
Potential of the te^^'^^^^obtained, 
OnXiSaignmeut, even m 'Q™ 11 ^ available, 
a we ath of stract^al ^o^ataen wm ^ 0 f og- 

QueFtiona of f/™^^" WdWon totba basic 
See ation could then he J"? of dyes with the 

gterestmTmders^g^^^^^uvantto 



